Abstract The present study was conducted to investigate whether colon tumors were capable of metabolizing benzo (a)pyrene (BaP), and fluoranthene (FLA), two toxicants that belong to the polycyclic aromatic hydrocarbon family of compounds. Microsomes were isolated from the colon tumors of Apc Min mice that received subchronic doses of 50 μg/kg BaP and incubated with either BaP or FLA (3 μM each) alone or in combination and appropriate control groups that received nothing. Subsequent to incubation, samples were extracted with ethyl acetate and analyzed for BaP and FLA metabolites by reverse-phase HPLC equipped with fluorescence detection. Microsomes from tumor tissues were found to metabolize BaP to a greater extent than those from the non-tumor tissues. The rate of BaP metabolism (picomoles of metabolite per minute per milligram of protein) was found to be more when microsomes from BaPpretreated mice were exposed to BaP alone and FLA in combination with BaP, compared to controls. The microsomes from BaP-preexposed mice generated greater proportion of BaP 7, 12 -diones compared to other experimental groups. Additionally, microsomes from BaP-pretreated mice produced greater proportion of FLA 2, 3-diol and 2, 3 D FLA when microsomes were incubated with FLA alone or a combination of BaP and FLA. Our studies revealed that the tumor microsomes were competent to metabolize BaP and FLA either singly or in combination. The biotransformation of BaP and FLA as a consequence of prior and simultaneous exposure to BaP may influence the growth of tumors. Our findings may have relevance to human long-term dietary intake of these toxicants and the consequent acceleration of the colon carcinogenesis process.
Introduction
The mortality and morbidity statistics attributed to colorectal cancer (CRC) in the USA is a matter of concern [1] . Environmental and dietary factors have been blamed as some of the culprits in the development of sporadic CRC [2] . Strategies to prevent CRC require an understanding of the role played by the tumor microenvironment in advancing the disease. The tumor microenvironment is very unique in that the metastasized tissue harbors preneoplastic and/or neoplastic cells showing various stages of growth harboring quiescent cells and proliferating cells. The conditions in the tumor microenvironment such as hypoxia, increased glycolysis, and other metabolic changes are conducive for metastasis [3] . While solid tumors are rich in quiescent cells, developing tumors contain proliferating cells [4, 5] . Additionally, the tissue architecture of tumors shows a great variation from its normal counterparts in tissue integrity and exhibit differential genetic programming [6] [7] [8] .
There is a paucity of information on the responsiveness of tumors to continuous exposure to toxicants. In this context, whether the tumors are able to metabolize and accumulate the resulting metabolites of chemical carcinogens that may influence the tumor growth through a cascade of various biochemical events is not known. Given the ability of cancer cells to undergo unregulated growth and cell proliferation, an understanding of toxicant metabolism by tumors is necessary from the perspective of developing appropriate therapeutic strategies [9] [10] [11] .
Benzo(a)pyrene (BaP), a member of the polycyclic aromatic hydrocarbon (PAH) family of compounds is a wellcharacterized environmental toxicant and carcinogen [12] [13] [14] [15] . This pollutant has been detected in a wide variety of food items and considerable intake through dietary items has been reported (reviewed in 15, 16) . Of late, attention has been focused on its ability to cause digestive tract cancers [2, 16, 17] . In this study, we attempted to investigate the metabolism of BaP by microsomes harvested from the colon tumors of an Apc
Min mouse model, subsequent to daily oral administration of BaP for 60 days. Additionally, we sought to examine the ability of colon tumor microsomes in metabolizing FLA, another high-volume PAH toxicant that coexists with BaP in environmental, occupational settings [18, 19] and dietary items [20, 21] .
Material and methods

Animal dosing and tumor retrieval
Six-week-old male Apc
Min mice (Jackson Labs, Bar Harbor, ME, USA) weighing approximately 25 g were used in this study. The mice were housed in groups of two or three per cage, maintained on a 12-h light/dark cycle (lights on at 6:00 a.m.), and allowed free access to rodent chow (2016 Teklad Global 16 % protein rodent diet [3.5 % fat]; Harlan Laboratories, Indianapolis, IN, USA) and water. The mice were kept in polycarbonate cages (Lab Products, Inc., Seaford, DE, USA) with laboratory grade 7089 Teklad Diamond Soft Cellulose (Harlan Laboratories) material as bedding. Mice were housed in an Association for the Assessment and Accreditation of Laboratory Animal Care International-accredited animal care facility (ACF). The ACF is under the oversight of Institutional Animal Care and Use Committee, which ensures that animal care, conforms to the National Institutes of Health (NIH) guidelines for the humane care and use of laboratory animals [22] . All animals were allowed a 7-day acclimation period.
The mice (n05 for each treatment category) were administered 50 μg/kg of BaP (97 % pure, unlabeled; Sigma Chemical Co., St.Louis, MO) dissolved in peanut oil, daily via oral gavage for 60 days. Mice that received no vehicle (peanut oil) and BaP served as controls. At the end of 60 days of exposure, mice were sacrificed and colons were harvested from control and experimental mice. The colons were opened and gently rinsed with physiological saline to flush the food/excreta. The tissue lesions (0.5 cm size) which stood out from the surrounding mucosa as tumorlike excrescences (adenomas) were used for this study. The tumors were carefully excised from the colon. Non-polypoid mucosae were also excised to evaluate for differences in carcinogen metabolism in tumorous and non-tumorous regions. Both tumorous and non-tumorous tissues were kept frozen at −70°C until analyses.
Preparation of microsomes
The colon from BaP-exposed mice were harvested following which, they were cleaned and processed as mentioned above. Two to three tumors measuring around 5 mm in diameter were retrieved from each tumor-bearing mouse. Each tissue sample from control and BaP-exposed mice (tumorous and non-tumorous) was individually cut into small pieces using sterile scalpel blades, minced separately with a fine pair of scissors and thoroughly mixed to obtain a homogenous mixture of minced tissue sample per category (tumorous and non-tumorous) per mouse. Pooled tumor tissues were used for this study. Each minced sample was chilled in isotonic saline and microsomal fractions were prepared using the endoplasmic reticulum isolation kit (Sigma-Aldrich Chemicals, St. Louis).
Microsomal incubations and metabolism studies
Before conducting metabolism studies, microsomes were thawed at room temperature and 120 μL of the microsomal pellet resuspended in TKM buffer (final protein concentration 0.5 mg/mL) were added to 5 mL of cocktail containing NADPH (0.72 mM), EDTA (0.1 mM), KPO 4 (100 mM), and MgCl 2 . 6H 2 O (3.75 mM). Samples per animal were preincubated for 2 min at 37°C in a tissue shaker (Precision Scientific Instruments, Chicago, IL). Treatment consisted of exposure in vitro to 3 μM BaP (CAS no. 50-32-8; 98 % pure, Sigma) or FLA (CAS No. 206-44-0; 98 % pure, Sigma) dissolved in dimethyl sulfoxide. After a 15-min incubation at 37°C, the reaction was stopped with 8 mL of ethyl acetate containing butylated hydroxytoluene (0.2 mg/mL). Benzo(a)pyrene or fluoranthene metabolites were extracted twice with ethyl acetate and the extracts were analyzed by reverse-phase HPLC for BaP/FLA metabolites as described previously [23, 24] . Metabolite standards for these two toxicants were obtained from the National Cancer Institute Chemical Carcinogen Repository (Midwest Research Institute, Kansas City, MO).
The microsomal incubation experiments for BaP and FLA (FLA in the presence of BaP and vice versa) were done separately. Controls were processed alongside with experimental samples under identical assay conditions. [25] for ensuring safety of laboratory personnel during the course of these studies.
Statistical analysis
Data on microsomal mean FLA/BaP metabolite concentrations were analyzed by one-way ANOVA and Bonferroni post hoc test. The statistical significance was set at p values less than 0.05.
Results
The total concentrations of BaP metabolites produced by the mouse colon tumor microsomes were shown in Fig. 1 . The concentration of BaP metabolites from colon tumor tissues was much greater than that from nonmalignant tissues of tumor-bearing BaP-exposed mice (p<0.05).
Microsomes from BaP-pretreated mice when incubated with BaP have generated significantly greater (p<0.05) concentrations of BaP metabolites compared to mice that were not preexposed to BaP. Similarly, microsomes from BaP-pretreated mice when incubated with BaP alone generated significantly greater (p<0.05) concentrations of BaP metabolites when compared to other treatment categories (BaP with no BaP pretreatment; BaP + FLA with no BaP pretreatment; FLA + BaP with BaP pretreatment).
The various BaP metabolites generated from colon tumor microsomes were BaP 9,10-diol, BaP 4,5-diol, BaP 7, 8-diol, 3-hydroxy BaP, and 9-hydroxy BaP. The relative concentrations of individual BaP metabolites among total metabolites are depicted in Fig. 2 . Microsomes from mice pretreated with BaP generated relatively higher proportion of BaP diols and diones compared to microsomes from mice that received no prior BaP.
Since colon tumor microsomes from mice that received BaP yielded greater concentrations of metabolites, we have evaluated the ability of these microsomes to metabolize fluoranthene, another PAH compound The total concentrations of FLA metabolites produced by the colon tumor microsomes were shown in Fig. 3 . Microsomes retrieved from BaP-pretreated mice when incubated with FLA produced greater (p<0.05) concentrations of FLA metabolites when compared to microsomes from the other treatment groups (FLA with no BaP pretreatment; FLA + BaP with no BaP pretreatment; FLA + BaP with BaP pretreatment). 
Discussion
Some studies cast doubt whether colon tumors have the necessary machinery to activate enzymes that metabolize BaP. Massaad et al. [26] reported the absence of CYP isozymes (CYP1A1, 1A2, 2B1, 2B2, 2C, 2E1, and 3A) in Co38 mice colon tumors. These studies have not probed for CYP1B1, which is also involved in the biotransformation of PAHs in extrahepatic tissues [27, 28] . Sattar et al. [29] reported that adenomas in Apc Min mice were not metabolically proficient when compared to uninvolved mucosa. Their conclusion was based on the fact that CYP1A1/ CYP1A2 induction levels were low in adenomas subsequent to BaP treatment. Perhaps, the BaP dose used by Sattar et al. [29] (a single I.P. dose of 100 mg/kg) may not have been sufficient enough to cause a pronounced induction and build up of metabolites as opposed to sustained induction at the subchronic (60 days) daily BaP dose (50 μg/kg) used in the present study.
Induction of CYP enzymes by subchronic exposure to BaP may have modulated its own enzymatic metabolic activation thereby enhancing its carcinogenic potential. Our findings are in agreement with that of Vaca et al. [30] and Huderson et al. [31] who have shown that pretreatment with BaP induces the microsomal metabolism of BaP to precursors of reactive metabolites. Conceivably biotranformation of BaP by tumor cells may lead to localized production of intracellular metabolites [32, 33] and may therefore have a role to play not only in the causation but also in the progression of disease as well. Evidence is available in support of the involvement of metabolism in toxicityassociated inflammatory diseases such as cancer. That BaP through metabolic activation induce reactive oxygen species (ROS) production, which also induces inflammatory responses in colon and other target tissues has been reported [34, 35] .
Metabolism of BaP by colon tumor microsomes generate BaP dihydrodiols (trans-4,5-; trans-7,8-; and trans-9,10-diols) along with hydroxyl (3-and 9-OH) metabolites. The trans-dihydrodiols, especially the 7,8-diol is oxidized to bay-region diol epoxides, which bind to DNA strongly and form stable DNA adducts, which perturb nuclear functions such as transcription and replication ultimately leading to Fig. 3 for explanation of abbreviations neoplasia [13, 36] . The hydroxy metabolites of BaP have been implicated in DNA damage, contributing to unscheduled DNA synthesis [37] .
The differences in metabolite concentrations among tumor tissues could be attributed to differences in CYP activities and expression during various phases of tumor growth. Due to the limited mass of tumor tissue availability, we could not evaluate the activities or expression of drugmetabolizing enzymes (DME) in these tumors in order to observe whether the measured BaP metabolite concentrations signified modulation of DME due to BaP exposure. This limitation notwithstanding, we contend that the metabolite concentrations are predictive of enzyme induction and enhanced metabolic activation due to sustained BaP exposure.
The metabolism of FLA by colon tumor microsomes may have been enhanced by prolonged exposure of mice to BaP. Published reports suggest that FLA is not a potent inducer of DME [38, 39] . However, the presence of another PAH compound may have an effect on the metabolism of FLA. Even though individual PAH compounds or mixtures are tumorigenic, mixtures of anthracene, chrysene, pyrene, fluoranthene, and phenanthrene demonstrated a greater tumor latency period for skin tumors, when the PAH mixture was supplemented with BaP, a decreased latency period was seen [40] . Additionally, studies conducted in our laboratory have revealed an enhanced metabolism of FLA when adipose tissue microsomes were exposed to BaP and FLA together [31] .
While colon tumor microsomes were able to produce FLA metabolites, the generation of FLA 2, 3-diol in greater proportions in microsomal incubations of FLA with BaP assumes importance given the ability of this metabolite to bind to cellular macromolecules such as DNA and proteins [41, 42] . Therefore, it is reasonable to speculate that BaP pretreatment may enhance the generation of reactive metabolites of FLA which in a dual or sequential exposure scenario may influence tumor progression.
To put our findings into perspective, in natural conditions, BaP and FLA are unlikely to be present in the same proportions or concentrations used in this study, given the variation seen in the levels of PAH residues in food items and dietary intake by humans [15, 20] . Carcinogenesis is a multistage process that encompasses initiation, promotion and progression phases and colon carcinogenesis is no exception. During this process, the body receives a continuous intake of environmental contaminants through diet that can target different stages of the carcinogenesis process simultaneously [43, 44] . Polycyclic aromatic hydrocarboninduced carcinogenesis requires long-term exposure to an individual PAH compound [45, 46] or mixtures [47] . Regardless of the relative concentrations of BaP and FLA, as a result of enhanced biotransformation of BaP versus FLA or vice versa, the reactive metabolites that were generated by these chemicals may have the potential to modulate inflammatory responses in the tumor microenvironment [48] contributing to tumor promotion. Additionally, the conditions in the tumor microenvironment are conducive for generation of ROS, increased DNA damage, and less efficient DNA repair processes [3] . Thus, chronic exposure to environmental toxicants such as BaP fuels both tumor promotion and progression stages through enhanced biotransformation.
In recent years, several chemopreventive agents have been proposed for reducing carcinogenesis in colon [49] . Studies conducted in our laboratory (unpublished data) have shown that one of these agents, resveratrol, lowers colon tumor burden, and size in BaP-treated Apc
Min mouse model. Experiments are in progress in our laboratory to find out whether resveratrol could alter biotransformation pathways in tumorous and non-tumorous tissues of BaPtreated Apc
Min mouse.
